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ABSTRACT 

Quantitative  absorption  measurements  of  the  5.9^,  7.5p,  and 
the  11. 3jji  bands  of  pure  HNOj  vapor  were  carried  out  at  40°C.  Use 
was  made  of  absorption  cells  of  various  lengths  in  order  to  obtain 
curves  of  growth.  The  statistical  spectral  band  model  was  applied 
and  band  model  parameters  and  integrated  Intensities  were  derived. 
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1.  INTRODUCTION 

Nitric  acid  haa  often  been  auapected  of  playing  a  role  in 

air  pollution  processes, ^  but  nore  recently  it  haa  been  found  to 

2 

be  preaent  in  the  atmoaphere  above  20  kilometers  altitude.  Xta 
preaence  waa  diacovered  by  means  of  infrared  abaorption,  and  thia 
appears  to  be  the  method  which  will  be  involved  in  future  atudiea 
of  ita  atmospheric  distribution.  The  amounts  of  nitric  acid  in¬ 
volved  in  the  originally  reported  experiments  have  been  determined 

3 

by  laboratory  measurements  which  duplicated  the  reported  absorptions. 
The  present  results  indicate  that  these  estimates  of  the  amount 
present  in  the  atmosphere  might  be  too  large. 

This  study  was  curried  out  to  enable  future  atmospheric  data 
to  be  interpreted  without  the  need  to  return  to  the  laboratory  with 
each  new  piece  of  data.  This  can  be  accomplished  by  the  use  of  the 
absorption  parameters  based  upon  the  statistical  model  of  the  differ¬ 
ent  absorption  bands.  In  fact,  this  molecule  is  very  well  suited  to 
the  model  by  its  very  large  number  of  closely  spaced  lines. 

The  nitric  acid  molecule  is  a  nearly  planar  molecule.  Its 

normal  modes  of  vibration  have  previously  been  determined,  and 

4 

assigned  to  the  different  bands.  There  are  four  strong  bands 
located  at  5.9|i,  7 . 5|j, ,  11. 3p,  and  22\x,  but  only  the  first  three  ace 
reported  in  this  study.  Only  self- broadening  is  considered.  It 
was  originally  planned  to  examine  nitrogen  broadening  also,  but 
it  was  found  that  with  the  cell  lengths  available,  the  change  in 
the  absorption  produced  by  pressurizing  with  nitrogen  was  very 
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»all,  In  comparison  to  tha  unpressurlted  absorption.  Ihla  would  have 
prevented  an  accurate  deteimlnatlon  of  the  relative  broadening  effect 
of  nitrogen. 

The  nitric  acid  molecule,  because  of  Its  site,  sight  be  expected 
to  be  such  sore  effective  In  line  broadening  than  nitrogen.  Ihls  Is 
still  thought  to  be  so.  The  reason  the  effects  of  nitrogen  could  not 
be  seen  clearly  ms  due  to  the  very  close  spacing  of  the  lines  In  the 
bands.  As  soon  as  thert  Is  any  significant  pressure,  the  width  of  the 
lines  is  large  enough  to  sake  than  alaost  completely  overlapping. 
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2.  M  STATISTICAL  SftCTlUL  IAKD  MODEL  METHOD 

The  present  measurements  were  made  with  pure  BK>3  vapor  only. 
According  to  the  spectral  band  model  for  a  pure  gas,  the  wean  spectral 
transmittance  T(v)  of  a  statistical  array  of  Lorentt  lines  Is  deter* 
mined  by  two  basic  parameters  o(v)  (cm*1)  and  0(v)  (atm*1): 

»(v)  -  x(v)/L  -  S°(v)/2^V° (v)  ,  (la) 

0(v)  -  2nY°(v)p/d(v)  -  0°(v)p  (lb) 

Here  x(v)  is  the  dimensionless  Ladenburg* Reiche  parameter,  S°(v) 

(cm"  atm* 1)  is  the  mean  line  intensity  at  unit  pressure,  y°(v) 

(cm*  *  atm*  S  is  the  mean  halfwidth  of  the  lines  at  unit  pressure, 
d(v)  (as*1)  Is  the  mean  spacing  between  the  lines,  p(atm)  is  the 
pressure  and  L(cm)  is  the  path  length. 

Die  mean  transmittance  is  given  by 

T(v)  -  exp[-  W(v)/d(v>]  ,  (2) 

idiere  M(v)  is  the  value  of  the  equivalent  width,  averaged  o/er  the 
line  intensity  distribution  function  P(S(v))t 

W(v)  •  J  «(S(v),0(v))P(S(v))dS  (3) 

o 

Assuming  equally  intense  lines,  l.e.,  P(S(v))  ■  6(S(V)-S  (v)> where 

o 

SQ(V)  represents  the  average  Intensity,  T(v)  can  be  expressed  in 
terms  of  a  single  Lorents  line: 

T(v)  •  *xpC-0(v)f(o(v)L)]  ,  (4) 
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where  f(x)  Is  the  Ladenburg- Rciche  function: 

f(x)  -  x  cxp(-x)[lo(x)  +  IjCx)]  ,  (5) 

where  I  and  I.  are  modified  Bessel  functions, 
o  1 

A  more  realistic  and  convenient  intensity  distribution  function 

is  given  by  the  exponential  distribution:  P(8(v))*exp(-S(v)/S  (v)).  A 

o 

a4 tuple  expression  is  then  derived  for  T(v) : 

T(v)  ■  exp 

Several  other  intensity  distribution  functions  have  been  recently  dis¬ 
cussed  in  the  literature,^  such  as  the  exponential  tailed  S" *  line 
intensity  distribution  P(S(v))  CC  s“  1(v)exp[-S(y)/So(v)]  for  which  the 
statistical  model  gives 

T(v)  -  exp{-(B°(v)p/4)C(l+8or(v)L),'-l]}  .  (7) 

The  plot  of  W(v)/$(v)  against  x(v)  defines  a  spectral  "curve 
of  growth",  having  "linear"  and  "square  root"  regions.  These  regions 
are  given  by  the  limiting  fora  of  W(v)/P(v)  for  x<l  and  x>l,  respec¬ 
tively.  If  f(x)  is  transformed  according  to  (n/4)f(4x/ff)  the  three 

line  intensity  distribution  functions  mentioned  above  yield  the  same 

v 

asymptotes  for  the  corresponding  curves  of  growth:  x  and  (x/2y  for 
x<l  and  x>l,  respectively.  However,  they  differ  in  curvature  in  the 
central  region.  The  curvature  of  W(v)/$(v)  from  Eq.(7)  is  smaller 
than  that  from  Eq.(6)  which  in  turn  la  smaller  than  that  from  Eq.(5). 

For  the  application  of  the  band  model  to  experimental  measure¬ 
ments  it  is  fundamental  that  the  quantity  -(/nT(v))/p,  for  a  given 
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path  length  and  temperature,  must  be  Independent  of  pressure  when  the 
statistical  model  of  Lorentz  lines  is  valid.  (For  low  enough  pressures, 
-  (£  n  T(v)/p  will  increase  with  decreasing  p,  indicating  Doppler  broad¬ 
ening.)  Urns  measurements  over  a  large  range  of  path  length  and  pres¬ 
sures  are  carried  out,  and  for  each  path  length  the  average  value 


^(v)  -  [-(in  TCv.LjB/p] 


is  derived.  By  plotting  y.(v)  against  L. 

®v  j  j 


the  "curve  of  growth"  can  be  obtained. 


As  shown  in  Fig.  3  of  Ref.  6,  the  differences  between  the  dif¬ 
ferent  curves  of  growth  with  different  line  intensity  distributions 
in  the  central  region  range  from  10%  to  20%.  The  experimental  error 
in  y-j ( v)  is  generally  about  ,±5%.  Therefore,  the  effect  of  the  differ¬ 
ent  line  intensity  distribution  on  the  curves  of  growth  can  generally 
be  observed,  even  though  the  results  for  the  band  model  parameters 
a(v)  ,  P°(v)  will  not  be  extremely  changed.  In  particular,  S°(v)/d(v) 

will  be  practically  unaffected  since  it  is  independent  of  the  line 

6 

intensity  distribution. 

The  curve  fitting  may  be  done  (for  each  frequency)  graphically, 
by  shifting  vertically  and  horizontally  the  experimental  plot  of 
yj ( v)  against  Lj  over  a  theoretical  plot  of  W(v)/P(v)  against  x(v) , 
both  on  a  log- log  scale,  until  coincidence  of  the  two  curves  occurs. 

It  is  easily  shown  that  the  point  of  intersection  of  the  asymptotes 
of  W(v)/0(v)  has  an  abcissa  LQ(cm)  which  satisfies  the  relation 

<*(v)  *  l/(2Lo) 


(8) 
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Hie  ordinate  of  this  intersection  is  y  (atnf^)  which  satisfies 

o 

3°<v)  -  2yo  (9) 

and  thus  the  band  model  parameters,  a(v)  and  @°(v) >  are  determined. 

It  should  be  noted  that  this  graphical  method  is  similar  to  the 
method  for  deriving  S°  and  y°  of  a  single  line  described  by  Benedict 
et  al.^ 


In  using  the  graphical  method  it  is  important  to  have  measure¬ 
ments  over  a  range  of  path  length  such  that  the  asymptotic  regions 
to  the  "curves  of  growth"  are  obtained,  otherwise  the  resulting  error 
may  be  quite  large  due  to  the  log- log  scale  on  which  the  fitting  is 
made.  Additional  points  in  the  central  region  will  determine  the 
nature  of  the  line  intensity  distribution. 


Computerized  methods  can  also  be  used  for  optimal  fitting  of 
the  experimental  points  to  the  "curves  of  growth".  A  simple  least 
square  fitting  is  not  possible  because  the  functions  involved  are 
not  linear  in  the  parameters  af(v)  ,  0°(v) .  In  the  case  of  exponential 
intensity  distribution,  (Eq.(6)),  the  fitting  may  be  done  by  minimizing 
the  expression® 

Sj'tl  +  b(v)  Lj  -  a(v)  Lj2/yj2(v)]2  ,  (10) 

2  2 

where  a(v)  ■  a  (v)0  (v)  and  b(v)  ■  2a(v)  .  Here  the  fitting  is  made 
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This  type  of  fitting  is  not  possible  for  the  exponential 
tailed  S  *  intensity  distribution.  In  this  case  the  fitting  can 

9 

be  done  by  an  iterative  procedure  described  in  a  previous  paper. 

It  is  based  on  the  minimalization  of  the  expression 

Sj[^yj(v)/yj(v)  -  (a(v),$°(v),Lj)A<y(v)/yj(v) 

2 

‘  (^v),0°(v),Lj)^O(v)/yj(v)]  ,  (u) 

where  F(<y(v)  ,g°(v)  ,Lj)  is  the  theoretical  expression  for  y^(v), 
the  consecutive  iterations  are  made  by 

Qf(v)1+1  =  +  Ao-(v)  ,  (12a) 

P°(v)1+i  -  P°(v)1  +  Ag°(v)  ,  (12b) 

and  the  convergence  condition  is  taken  as 

|Mv)/<*(v)|  +  |A0°(v)/P°(v)|  <  e  .  (13) 


Hie  iteration  method  can  be  used  for  other  functions,  arising  from 
different  intensity  distributions.  Hie  convergence  is  very  fast: 
for  most  practical  cases  not  more  than  5  iterations  are  needed  for 
e  =  0.0002. 

The  results  for  <y(v)  ,  @°(v)  may  be  used  for  determination 
of  the  mean  transmittance  of  a  pure  gas  (by  inserting  the  band  model 
parameters  into  the  mean  transmittance  equation)  and  also  for  a  gas 
mixture.  In  the  latter  case,  the  transmittance  equation  takes  on 
somewhat  different  form. 
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The  line  halfwidth  for  a  binary  gas  mixture,  with  partial 
pressures  p  (absorber)  and  p  (foreign)  depends  on  pressure  accord- 

8  I 

ing  to  the  relation: 


7  =  v  p 
'm  lm  re 


(14) 


where  7°  is  the  line  halfwidth  at  unit  pressure  (cm  *  atm  *)  charac¬ 
teristic  of  the  specific  gas  mixture,  and  pg  is  the  equivalent  pressure 
defined  by 

pe  “  Pf  +  Bpa  "  pt  +  (B“1)Pa  »  (15> 


where  B  is  the  broadening  coefficient,  and  pfc  is  the  total  pressure. 
An  equivalent  path  length  Lg  (cm)  is  now  defined  by 

Le  =  <Pa/pe)L  •  (16) 

By  using  pe>  Lg  Ba(v) ,  0°(v)/B  instead  of  p,  L,  a(v) ,  g°(v) , 
the  transmittance  equation  can  be  used  for  the  specific  gas  mixture. 
For  example,  Eq.(6)  will  take  the  form 


T(v) 


exp 


J-0  (v)o(v) pgI*e  'I 
H1+  2a(v)B  i  y  j 


(17) 


The  band  model  parameters  can  also  be  used  for  the  determin¬ 
ation  of  integrated  intensities.  The  integrated  intensity  of  an 
absorption  band  is  given  by 

S°  -  f  k(v)dv  ,  (18) 

b  band 

where  k(v)is  the  spectral  absorption  coefficient.  Two  methods  can 
be  used  to  derive  S°.  One  is  to  integrate  the  product  Qf(v)0°(v) 


over  the  band,  This  is  justified  by  the  fact  that  a(v)0°(v)  = 
S°(v)/d(v)  gives  the  absorption  coefficient  k(v)  and  therefore 

S°=J'  (S°(v)/d(v))dv  .  (19) 

band 

The  other  method  is  to  integrate  -(£n  T(v))/pL  over  the  band  for 
a  cell  for  which  the  absorption  is  in  the  linear  region,  where 

T(v)  «  exp[-(S°(v)/d(v))pL]  ,  (20) 


and  thus 

L(A'I(v))dv- 


(21) 


The  accuracy  of  the  first  method  is  in  general  much  better  than  that 
of  the  second.  This  is  because  random  errors  are  corrected  during 
the  curve  fitting  process. 
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3.  EXPERIMENTAL 

Anhydrous  nitric  acid  was  prepared  by  low  pressure  distillation 
from  a  sulfuric  acid  mixture  in  the  apparatus  shown  in  Fig.  1.  Re¬ 
agent  grade  concentrated  nitric  acid,  (70%  HNO^)  manufactured  by 
DuPont,  was  used  as  the  source  for  the  HNO^  vapor.  Reagent  grade 
concentrated  sulfuric  acid,  manufactured  by  DuPont,  was  used  as  dehy¬ 
drating  agent.  In  Fig.  1  A  is  a  100  ml.  Pyrex  glass  distillation 
flask,  topped  with  a  simple  distillation  head  and  thermometer  _B.  Hie 
receiver _C  is  a  200  ml  glass  trap  immersed  in  liquid  nitrogen.  Pres¬ 
sure  was  measured  with  a  McLeod  gauge,  and  the  vacuum  pump  _F  was 
protected  from  acidic  gases  by  a  trap  E,  which  contained  about  200 
grams  of  soda- lime.  Ball  and  socket  joints,  size  18/9,  were  used 
between  elements  of  the  apparatus  to  facilitate  disassembly  and 
cleaning.  Halocarbon  grease  (type  #25- 5S  ,  Halocarbon  Products 
Corporation)  was  used  to  lubricate  and  seal  the  ball  Joints  and 
vacuum  stopcocks.  This  grease  is  not  affected  by  nitric  acid  vapor, 
nitrogen  oxides,  or  other  oxidizing  gases. 

Distillation  was  carried  out  at  a  pressure  of  about  30  microns 

from  a  mixture  of  nitric  and  sulfuric  acids  prepared  in  the  ratio  of 

one  volume  of  nitric  to  1.4  volumes  of  sulfuric  acid.  Uiis  ratio 

gives  a  stoichiometric  ratio  of  one  molecule  of  water  (from  the  nitric 

acid)  to  one  molecule  of  sulfuric  acid  forming  the  mono-hydrated  acid. 

Usually  a  slight  excess  (5%)  of  sulfuric  acid  was  added  to  the  mixture, 

* 

which  typically  was  made  up  of  25  ml  nitric  acid  and  35  ml  sulfuric 


acid . 
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When  the  sample  was  not  In  use,  It  was  stored  In  the  evacuated 
receiver  at  liquid  nitrogen  temperature.  When  stored  in  this  manner, 
the  acid  remained  colorless  for  several  weeks;  when  stored  at  0°C. 
for  four  days,  it  began  to  turn  slightly  yellow. 

To  be  sure  that  a  single  distillation  was  effective  in  produc¬ 
ing  pure  anhydrous  nitric  acid,  a  batch  of  singly  distilled  acid  was 
redistilled  from  sulfuric  acid.  Spectra  of  the  two  products  were 
identical.  This  doubly  distilled  acid  was  used  for  most  of  the  ex¬ 
periments  reported  here. 

The  apparatus  used  for  handling  the  nitric  acid  vapor  is  shown 
in  detail  in  Fig.  2.  Since  it  is  a  glass  system  and  nitric  acid 
vapor  is  photochemically  decomposed,  the  work  was  performed  with 
subdued  incandescent  illumination.  The  cold  sample  receiver  A  from 
the  distillation  apparatus  (wrapped  in  aluminum  foil  to  exclude 
light)  was  attached  to  the  apparatus  at  a  point  near  the  infrared 
gas  cell _B.  Vacuum  was  obtained  from  the  pump  J,  protected  by  traps 
of  liquid  nitrogen  H,  and  soda- lime  J.  Ultimate  pressure  in  the 
system  was  measured  with  a  McLeod  gauge.  When  nitric  acid  was  in 
the  system  the  McLeod  gauge  was  blocked  off  to  protect  the  mercury. 
Pressures  of  nitric  acid  were  read  with  either  of  two  manometers; 
one,  G,  a  standard  mercury- filled  manometer  with  a  1/2  inch  layer 
of  Kel-F  (Minnesota  Mining  &  Manufacturing  Co.,  Grade  KF-  3)  halo- 
carbon  oil  on  the  surface  to  protect  the  mercury,  the  other,  _F, 
a  differential  manometer  filled  with  the  same  oil.  Nitrogen  gas 
could  be  admitted  (through  a  phosphorus  pentoxide  drying  tube,  C) 
for  pressure  broadening  experiments  or  for  sweeping  the  system  out. 
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Infrared  spectra  were  made  with  a  Beckman  Model  IR-  7  spectro¬ 
photometer.  This  is  a  double- beam  NaCl-  foreprism  grating  instrument 
with  a  range  from  600  to  4000  cm  \  and  is  purged  with  dried  air. 
Four  gas  cells  were  used,  two  commercial  and  two  built  in  the 
laboratory.  The  two  commercial  cells  were  10  and  5  cm  Pyrex  glass 
cells  obtained  from  Wilks  Scientific  Corp.  Ihese  were  equipped 
with  Teflon  stopcocks  and  silicone  o- rings.  Hie  silicone  o- rings 
were  readily  attacked  by  nitric  acid  as  evidenced  by  the  gradual 
appearance  in  the  HNO^  spectrum  of  several  absorption  features,  the 
strongest  being  at  1095  cm  These  bands  were  identified  as 
characteristic  of  a lkoxy- silanes,  derived  from  the  silicone  polymer. 
Ihese  o- rings  were  replaced  with  Vlton  which  showed  no  deterioration 
after  considerable  use.  Ihe  o- rings  were  greased  lightly  with  halo- 
carbon  grease.  The  windows  were  AgCl,  1/4"  thick  by  2"  diameter. 
Assembled  path  lengths  were  99.40  and  49.30  mm. 

Ihe  laboratory- built  gas  cells  are  shown  in  detail  in  Fig.  3. 
Ihese  cells  had  path  lengths  of  10.20  and  20.28  mm,  were  built  to 
accommodate  the  1/4"  thick  by  2"  diameter  AgCl  windows,  and  were 
inert  to  the  nitric  acid  vapor.  Unfortunately,  the  very  narrow 
inside  diameter  of  the  glass  inlet  tubing  (1/16")  permitted  only 
slow  diffusion  when  pressure  broadening  experiments  were  carried 
out.  As  with  the  long  path  cells  the  only  materials  in  contact 
with  the  acid  vapor  were  glass,  Teflon,  halocarbon  grease,  Viton, 
and  AgCl. 

It  was  observed  during  the  course  of  handling  the  silver 
chloride  windows,  that  vrtien  a  window  had  a  strongly  reduced  surface 
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resulting  In  a  silver  mirror,  this  mirror  was  subject  to  reaction 
with  the  anhydrous  HNO^.  This  resulted  in  deposits  of  nitrate 
salts  and  removal  of  the  mirror.  It  was  found  that  such  mirrors 
could  be  avoided  in  advance  of  use  as  a  cell  window  by  soaking 
for  several  minutes  in  concentrated  nitric  acid. 

Temperature  of  the  gas  samples  while  spectra  were  being 
taken  was  40°C  £  2°C.  Resolution  for  the  quantitative  spectra 
was  about  10  cm  \  while  that  for  the  high  resolution  scans  was 
~  0 . 5  cm  * . 


* 
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4.  MEASUREMENTS  AND  RESULTS 

In  order  to  examine  the  purity  of  the  HNOj  vapor  sample  and 

to  select  the  appropriate  spectral  model  of  the  bands,  preliminary 

spectra  with  -'■0.5  cm  ^  resolution  were  first  recorded.  Hie  observed 

spectra,  in  which  rotational  lines  could  not  be  resolved,  show  the 

"statistical"  nature  of  the  HNO^  spectrum.  Such  a  spectrum  is  shown 

in  Fig.  4.  Hie  identification  of  the  different  HNO^  bands  is  accord- 

4 

ing  to  McGraw  et  al.  Hie  only  impurity  that  could  be  identified  in 
the  spectra  is  the  band  of  NO  2  near  1618  cm  Hie  integrated 

intensity  of  this  band  is  quite  large^  -  2059  (cm  ^  atm  *")  at  25°C  - 
which  is  about  twice  the  intensity  of  the  strongest  HNO^  band  (see 
below).  In  view  of  the  small  absorption  present  due  to  this  band, 
it  was  estimated  that  the  NO2  impurity  introduces  only  a  small  error 
of  about  17.  in  the  pressure  measurements  for  HNO^. 

For  measurements  of  the  mean  transmittance  T(v)  the  geo¬ 
metrical  slit  width  of  the  spectrometer  was  increased  to  0.50  mm, 
corresponding  to  a  spectral  slit  width  of  about  10  cm  Absorption 

spectra  were  taken  with  the  four  cells.  For  a  given  cell  spectra 
were  recorded  for  a  series  of  different  pressures,  from  8  to  12 
pressures  for  each  cell.  Hie  pressure  ranged  from  1  mm  Hg  in  the 
longest  cell  (99.4  mm)  to  65  mm  Hg  in  the  shortest  cell  (10.2  mm). 

Hie  measurements  procedure  was  as  follows.  Hie  envelope,  with 
the  cell  in  vacuum  ( — 10  micron)  was  recorded  first.  Hien  different 
pressures  were  introduced,  by  admitting  fresh  HNO^  vapor  to  the 
cell  for  each  run.  Hie  pressures  were  chosen  so  that  the  peak 
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absorption  varied  between  20%  end  80%,  in  order  to  minimise  the 
error11  In  deriving  -  Jin  T(v).  Only  the  three  regions  of  Interest 
were  recorded  during  the  runs  with  the  different  pressures,  except 
In  the  lest  run  with  the  highest  pressure  In  which  the  complete 
region  from  600  to  4000  cm"  was  recorded.  The  final  step  was  to 
evacuate  the  cell  and  to  again  record  the  base-line.  Xn  general, 
the  second  base-line  was  made  about  4  hours  after  the  first  one  and 
it  was  found  to  agree  with  the  first  one  within  ^0.5%.  Typical 
spectra  obtained  according  to  this  procedure  with  the  49.3  wm  cell 
are  reproduced  in  Pig.  5. 

The  mean  transmittance  was  determined  from  the  recorded 
spectra  for  many  frequencies  -  about  30  frequencies  for  each  band  - 
at  2.5  cm'1  Intervals.  The  selected  net  of  frequencies  follows 
closely  the  shape  of  the  transmittance  curve.  For  each  selected 
frequency  -(In  T(v))/p  was  than  calculated  It  was  found  that 
for  a  given  call  length  and  frequency,  the  quantity  -(/n  T(v))/p 
was  independent  of  pressure  to  within  £4%  with  the  exception  of 
few  measurements  at  low  pressures  (below  3  mm  Bg)  for  idilch 
deviations  up  to  20%  from  the  average  wera  observed.  The  constancy 
of  n  T(v))/p  as  a  function  of  p  for  pressures  abova  3  mm  Hg 
proves  the  validity  of  the  statistical  modal  with  Loren tz  line 
shape.  However,  it  Is  not  obvious  If  the  deviations  at  low 
pressures  are  due  to  Doppler  broadening  or  due  to  experimental 
error  In  the  determination  of  the  low  pressures  of  HNO^  vapor. 


Excluding  the  few  low  pressure  measurements,  the  avarage  values 
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y»(v)“  [-(in  T(v))/pl  were  then  obtained  (one  for  each  cell).  A 
j  a  v 

typical  example  of  the  deviation  of  -(In  T(v))/p  from  the  average 
as  a  function  of  p  is  shown  in  Fig.  6  for  v  ■  1700  cm*1  in  the  49.3 
mm  cell.  In  this  example,  the  point  at  2.5  mm  Hg  was  excluded  from 
the  average. 


The  resulting  average  values  of  y^(v)  were  then  fitted  to 
the  statistical  band  model.  Results  for  the  band  model  parameters 
cr(v)  ■  x(v)/L,0°(v)*2TTV°(v)/d(v)  and  their  product  S°(v)/d(v)  are 
given  in  TablesI.-III.  The  values  of  S°(v) /d(v)are  also  plotted 
against  v  for  the  three  bands  under  consideration  in  Figs.  7-9 • 

The  parameters  are  defined  for  unit  pressure  (1  atm)  at  the  temp¬ 
erature  of  the  experiment  (40°C) .  These  parameters  were  derived 
for  an  exponential  line  intensity  distribution,  i.e.,  according  to 
Eq.(6),  using  the  least  square  procedure  outlined  in  Eq.(10).  The 
results  show  that  x(v)/L  <  0.05  so  that  the  experimental  points 
fall  in  the  linear  and  in  the  central  region  of  the  curves  of  growth. 
Even  the  99.4  mm  cell  was  not  long  enough  to  achieve  the  square  root 
region.  Therefore,  it  is  expected  that  the  errots  in  &(v)  and  @°(v) 
are  much  larger  than  the  error  in  S°(v)/d(v).  The  experimental 
points  were  also  fitted  ton  exponential  line  intensity  distribution, 
using  the  iteration  procedure,  and  to  an  exponential  tailed  S  * 
line  intensity  distribution  using  the  iteration  procedure.  Also, 
the  experimental  points  were  arbitrarily  changed  by  J-5%  and  then 

fitted  in  the  same  way  as  in  Tables  I.- III.  No  improvement  in 

-1 

the  fitting  was  obtained  by  using  the  exponential  tailed  S  line 


intensity  distribution.  The  fitting  to  this  model  did  not  have 
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a  significant  influence  on  S°(v)/d(v),  but  values  for  cKv)  and  P°(v) 
differed  by  up  to  50%.  An  error  estimate  could  be  obtained  from 
the  different  fitting  procedures  used,  typical  results  for  which 
are  shown  in  Table  IV.  for  v  “  1700  cm  It  is  estimated  that 
the  avera,  j  errors  in  <*(v),P°(v)  are  ~50%  while  the  error  in 
S°(v)/d(v)is  ~5%. 

Since  Tables  I. -III.  can  be  regarded  as  representing  the 
values  of  x(v)  for  a  1-cm  path  length,  it  is  clear  that  for  a  1-cm 
path  length  all  mean  transmittance  values  follow  Lambert- Beer's  law: 

T(v)  =  exp[-k(v)pL]  ,  (22) 

where 

k(v)  =  flr(v)P°(v)  -  S°(v)/d(v)  .  (23) 

On  the  other  hand,  for  most  frequencies,  path  lengths  greater  than 
~10  cm  no  longer  give  results  which  lie  in  the  linear  region  of 
the  curve  of  growth.  The  assumption  of  Lambert- Beer ' s  law  may  then 
lead  to  serious  errors. 

Integrated  intensities  for  the  three  bands  were  derived  as 
shown  in  Table  V.  The  two  methods  mentioned  above  were  used  to 
derive  the  integrated  intensities  -  one  by  J  Of(v)0°(v)dv  and  the 
other  by  J-^n  T(  v  )dv^L  (aee  Eqs.  (19),  (21)).  The  second  method 
was  applied  to  the  shortest  cell  (10.28  mm),  for  which  x(v)<0.05 
which  is  well  in  the  linear  region  of  the  curve  of  growth.  However, 
according  to  the  discussion  in  the  previous  section,  the  values  of 
Ja(v)e°(v)dv  are  regarded  as  the  best  values  for  the  integrated 
intensities.  With  the  error  limits  quoted  in  Table  V.  both  methods 
gave  consistent  results. 
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Fig.  1.  Schematic  diagram  of  the  apparatus  for  the  purification  of  HNO 
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Fig.  4.  Spectrum  of  HNO_  vapor  in  the  region  600-4000  cm* 

J  o 

at  ''■O.S  cm  resolution,  4.6  mmHg  pressure,  at  40  C 

in  the  9.94  cm  glass  absorption  cell. 
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Fig.  4.  Cont. 
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Fig.  5.  Degraded  spectra  of  HNOj  vapor  at  different  pressures 
at  40°  C  in  the  4.93  cm  glass  cell. 
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Fig.  6.  A  plot  of  the  deviation  of  -(in  T(v)/p  from  the  average  as  a  function  of  the 
HN07  pressure  p  for  v  =  1700  cm‘\  at  40°C  in  the  4.93  cm  glass  cell. 
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Fig.  7.  Frequency  dependence  of  the  absorption 
S°(v)/d(v)  for  the  5..9|J.  band  of  HN0o  va 
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Fig.  9.  Frequency  dependence  of  the  absorption  coefficient  k(v)  = 
S°(v)/d(v)  for  the  11. 3p,  band  of  HNO,  vapor  at  40°C. 


TABLE  I. 


V 

x/L 

(cm'  L) 

(cm'  L) 

050.0 

1 .9738-03 

652.5 

6 ,446»-03 

655.0 

9.2059-03 

857.6 

1.  .1820-02 

86  0.0 

1.3l5*-02 

86?. 6 

1 .5749-0? 

865*0 

1.7399-0? 

867.5 

1  .9219-0? 

8  7  0.0 

1  .8769-0? 

872.5 

1  .9239-02 

875.0 

1.6069-02 

877  *5 

1  .85qia“0? 

88  0.0 

1  .9229-02 

803.5 

1.9070-02 

885.0 

2.0749-02 

0  8  7,5 

2.2 649-02 

8  V  0 . 0 

2.2149-0? 

892.5 

2.1459-u? 

895.0 

1.7080-0? 

897.5 

1 .1529-0? 

yoo.o 

8. 0409-03 

903.5 

0,51 70-03 

905.0 

1 .1579-0? 

907.5 

1 .6768-0? 

910.0 

5.1169-03 

91?.5 

l.?17®-02 

915.0 

1.1189-02 

917.5 

8.1759-03 

92  0.0 

7.4069-03 

2tTV°/d 

S°/d 

(atm  *) 

(cm  1  atm  1 

1  . 1  149  +  03 

2.1078+00 

4 .6160+02 

2.0758+00 

'4.24  99  +  02 

3.9118+00 

4.2579+02 

5.0328+00 

4,6819+0? 

6.1548+00 

4.61 79+0? 

7.2688+00 

4.6069+02 

0.1508+00 

1.0009+02 

0.8178+00 

4.0149+02 

9.2178+00 

4.0849+0? 

9.389«+00 

5, ^ 969+0 ? 

9.4618+00 

6.6769+0? 

1.0558+01 

6.0139+0? 

1 .1568+01 

5.6703+02 

1 .1208+01 

5.3519+02 

1 .1109+01 

'4.9659  +  02 

1 .1249  +  01 

6.0479+02 

1.117 M+0l 

6.3949+0? 

1 .1578+01 

6.9368+02 

1 ,240»+0l 

i .0639+03 

1.2248+01 

1 . 3069+03 

1,0498+01 

1.0148+03 

8.6388+00 

6.48/9+0? 

7,5098+00 

4.0709+0? 

6.6358+00 

I-.  199»+03 

6.1 368+00 

6.6529+0? 

5.6618+00 

«. 3839+02 

4.P999+O0 

4 , 7569+02 

3.8088+00 

3.0709+02 

2.8660+00 
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TABLE  II. 


V 

x/L 

(cm  *) 

(cm  1) 

1275.0 

8,2349-03 

1277.5 

1,3594-02 

1  280.0 

9,2749-03 

1  26? ,  5 

6.3959-03 

1255.0 

9.  *599-03 

1257.5 

1 . 3459-0? 

1  293.0 

1 .53lfl-02 

129?.  5 

1  .6029-0? 

129^.  1 

1  .4723-02 

1  207.5 

1 . 39-0? 

1300.0 

1  ,  1  9  9  »  -  0  2 

1  3  o  2 .  b 

1  .  0209-0? 

1  305.0 

1.0259-02 

1307.5 

6.5419-03 

1310. 0 

1  .  .1159-02 

1312,5 

2,5459-02 

1315.0 

2.  . 33b«-0? 

1317.5 

2.21  40  ’0? 

1  320.0 

1.5599-0? 

1  322.5 

•  .  i  70«-0? 

1325.0 

1 . 5/.  1  9-02 

1  32^.3 

1 .3O3’-0? 

1  3  30.0 

1 .5779-0? 

1332.5 

1  .  3209-02 

1335.0 

".6319-02 

133'. 5 

3.  3659-0? 

1  3 4 0 . 0 

^79-0? 

1 3a?.5 

1  .  7909-02 

1355.0 

3,0459-03 

1  347,5 

5,356«-03 

1  350.0 

2.9709-03 

2tTV°/d 

S°/d 

- 1. 

-1  -1 

(atm  ) 

(cm  atm 

3.4359+0? 

1  .  6  2  5  w  + !)  0 

?. 7639+0? 

3,7560+00 

4,97?a+02 

4,6110+00 

0.6850+0? 

5  .61 7«  +  00 

6,852*4  +  0? 

( ,7550+Oo 

5.0554+02 

7.9120+00 

5 . 7  ?  0  ®  +  0  ? 

6.7590+00 

5 . 9  6  3 +  0  2 

r  .  5  5  2  0  +  0  0 

7. t 339+02 

1  .051 “  +  01 

9 . 4024+02 

1  .  1  97«X0 1 

1,1409+03 

1  .  47<,0  +  Ol 

1 .352«  +  03 

1  .5430  +  01 

1 . 7519+03 

1,6()0«  +  01 

3,0244+03 

1 .9760+01 

l  ,  (53  ’9  +  03 

2.  is  l 

9.0759x0? 

7 .2970  +  01 

9,591(4  +  02 

7  .  2090  +  Ot 

1 .0329+03 

?. 2660  +  Ot 

l. 39l:a  +  03 

?  .  1660  +  01 

1  .  7999  +  03 

7  .  1  -)50  +  O] 

»..3334  +  03 

7  - 1  :?  0+')i 

1  . "239  +  03 

1  .9510  +  01 

1 . 067  9  +  0  3 

1  .6520  +  01 

9.7169+02 

1  .'=669  +  01 

5 .1249  +  02 

1.6429+01 

5 , 1  ’59  +  02 

1.7?6  '  +  01 

>.  1  499  +  02 

1  .'67  ‘*01 

9,7169+0? 

1 .7399  +  01 

1,6469+03 

1.4660+01 

2,1619+03 

1 .1669  +  01 

2.9349+03 

6,7l6«+00 
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TABLE  III. 


v 

(cm" X) 


x/L 
(cm"  L) 


2rTY°/d 

(atm 


16/5*0 

1677.5 
1681.  J 

1689.5 
1685.0 
168?.? 
16  01.;) 
169?. 5 
1695,0 

1697.5 
1  709. U 
1/OP. 5 
1  705.0 
1/07.5 
1710.0 
171?. 8 
1/15.0 
1  7  1  7 . 5 
1 72 1.0 
172?. 5 
17  25.0 
1/27.7 
1  730.0 
1  7  32.5 
1  7  3  5 . 0 

1  737.5 


2.05 /4-0? 
1  •  5  6 1  4  -  0  ? 
1  *  5  7  5  a  -  0  ? 
1 .948«-0? 
2.228S-0? 
2.4429-0? 
2. 770  a -02 

2.9069-0? 

3.  I  5  9  a  -  0  2 
3.5019-02 
3.2649-02 
?.  3533-0? 

1 .0503-0? 
1.61 73-0? 

1 .58o9-09 
1.6403-0? 
1.9623-02 
2.7043-02 
3.2003-02 
3.4219-0? 
3.2059-02 
3.4829-02 
3.2053-02 
2.9629-02 
4 . 1709-02 
4.491  3-02 


2.4323+0? 
4  .  >663  +  0? 
5. 83 9 9+1? 
5 . 7699+1? 
6 . 3469+02 
7.01 79+0? 
7 • 1 35«+02 
7.5509+02 
7 .3 (3  19  +  0? 
6.(1079  +  02 
7.2239+02 
9.9559+0? 
2.?12w+03 
1  .  34OW  +  03 

1 . 3099+03 

1.5469+03 

1 *3784+03 

9.4609+1? 

8 . 0759  +  02 
7.6159+0? 

7 . 7  359  +  02 

6.361 3+0? 

5.5153+02 

4.4564+12 

2.2599+0? 

1  , 4 1  ?  3  +  0  ? 


S°/d 

(cm  ^  atm  *") 


5 . 0  0  3  (**  +  0  0 
6.659(-  +  00 
5.803  8 +  1)0 
1  •  1248+01 
1 .41?4+0l 
1  .713-3  +  ot 
1 .983M+01 
?. 1948+01 
2 . 3  3 1  +  0 1 

?.  3838+1, 

2, 35813  +  01 
?  ,  3  4  2 +  0  1 
2. 3 228+0, 
2.1  678  +  0 | 
?.  1  0  9  8  +  0  j 
2.5478+0, 
2.6099+01 
?  •  5588+01 
2.5848+01 
2,6058+01 
2.479:4  +  01 
2.2154+01 
t. 768 4 +01 
1 . 3208+01 

9 .4208+00 
6.296«+00 
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TABLE  V.  Integrated  Intensities  for  HNO^  at  40°C 


Region 

/  -In 

(cm  > 

850.0-920.0 
1  275.0-  1350.0 
1675.0-1737..' 


cO(a) 

-2b  -1 
(cm  atm  • 

582  +  107. 
1126  j-  107. 
1221  ±  107. 


qO  (b) 
b 

(cm*  2  atm~  *•) 

609  +  57. 
1186  ±  57. 
1254  +  57. 


Sb(a)  =  J’V2  'S°(v)/d(v))dv 

V) 

2 

S^>  ■  ~  J  (i?n  T(v))dv  from  short  cell. 
1 


TABLE  IV.  Derivation  of  Band-Model  Parameters  for  v  =  1700 


39 


g 


x 


Ul 

o  ^ 

Ul  S< 
Ul  V— 

w 


CM 

a 


00 

00 

CM 

<M 

ON 

vO 

• 

• 

• 

• 

CO 

r— 4 

m 

CM 

o 

-o 

m 

• 

• 

• 

• 

m 

CM 

-o 

CN 

m 

00 

on 

IT* 

• 

• 

• 

• 

m 

o 

Cl 

o 

t/i 


B 

00 

W 

O 

a 

in 

CN 

CM 

a 

• 

• 

. 

• 

n 

<r 

CM 

r— 4 

CN 

CN 

CM 

CM 

O 

60 

• 

C 

cr 

w 

■a 

Ul 

0 

0 

ui 

u 

u 

60 

a 

B 

•H 

c 

"O 

0 

u 

1-1 

o 

Ul 

u 

« 

u 

r-4 

a 

3 

U 

n 

i — 1 

V 

a 

u 

u 

a 

3 

c 

cr 

o 

w 

i-l 

60 

c 

•H 

T3 

Ul 

O 

U 

O 

a 


vO 

1 

CM 

<r 

00 

CM 

• 

• 

• 

• 

A 

CM 

m 

o 

CTv 

CM 

vf 

o 

00 

—4 

r— 4 

•O  ^ 

VO 

<r 

<!>*—• 

<r 

-1 

CM 

4J  , 

Cl 

• 

• 

• 

✓-> 

E 

CO 

l o' 

D 

o 

-o  ^ 

m 

H 

—4  XJ 

CM 

vf 

D 

oo 

—  i 

• 

• 

• 

• 

tn  03 

-1 

r— 4 

C>  B 

CM 

Ov 

o> 

CM 

w 

£  a 

CM 

O 

Mt 

CM 

•*-1 

p  co 

n- 

vO 

O 

CM 

O 

vO 

CN 

^■4 

r-4 

00 

vO 

* 

CM 

CM 

• 

• 

• 

• 

«0 

m 

in 

—4 

O 

CM 

3 

00 

•—4 

r— 4 

ov 

CM 

Ov 

— i 

in 

«0 

o 

n- 

H 

• 

• 

• 

• 

H 

vO 

60 

CM 

r— 4 

co 

CO 

<r 

.-4 

CM 

X  i 

CM 

OV 

m 

00 

CM 

<* 

3 

00 

i 

cn 

m 

CM 

f-4 

•  -4 

f— 4 

o 

o 

O 

o 

>*-< 

• 

• 

• 

• 

o 

o 

o 

o 

CM 

H 

CO 

00 

n 

<r 

•o 

XI 

• 

• 

• 

• 

a> 

a) 

CO 

vO 

CM 

<r 

w 

CM 

m 

>  /■> 
Ul^-4 

CM 

<3 

(TV 

av 

r— 4 

3 

CO 

CO 

CO 

X 

a>  i 

w  E 

X  4J 

O  CO 

v-x 

00 

>> 

in 

ir 

»  -4 

CM 

CO 

• 

• 

• 

• 

r*. 

m 

CM 

c'v 

00 

o 

00 

O 

o 

CM 

CM 

m 

Mt 

o 

o 

ON 

Ov 

M  0 

• 

• 

• 

• 

V 

.—1 

CM 

ON 

4J 

CO 

CO 

u 

CO 

a) 

a> 

u 

ft 

•  « 

•  A 

/*s 

• 

X 

SO 

-O 

N-/ 

v^ 

• 

• 

o* 

CT 

M 

r<u 

W 

CM 

>v 

o 

o 

u 

4J 

CO 

4J 

00 

00 

C 

c 

c 

•H 

f-4 

•H 

g. 

•o 

M 

•u 

O 

o 

c 

u 

u 

f-4 

u 

u 

CO 

CO 

m 

c 

c 

i 

o 

o 

•l-l 

f-l 

u 

4J 

cn 

9 

9 

• 

>» 

,o 

X 

<0 

•l-l 

f-l 

Ul 

Ui 

«a 

r-4 

u 

4J 

"O 

>, 

V) 

w 

•l-l 

f-4 

V 

to 

fO 

•o 

X i 

Ul 

iJ 

B 

>> 

>s 

i-i 

U 

4J  • 

g 

0 

•rM 

/-S 

o 

a 

VJ 

w  m 

Ui 

c 

c  ^ 

lui 

B 

1) 

Q)  v-/ 

i-l 

4J 

4-»  1 

TJ 

^5 

c 

C  /"s 

HI 

•-C 

•iM  r— 4 

c 

m 

H 

•l-l 

+ 

r-4 

r-4  ^ 

a 

TJ 

co  • 

ui 

U-l 

—4 

f-i  a* 

X 

0 

.J 

4J  w 

O 

c 

c 

01 

•V 

0)  o 

M 

60 

c 

C  4J 

a 

E 

o 

o 

to 

a 

a 

•—i  X 

x 

X 

>< 

Q 

w 

w 

• 

# 

• 

• 

cc 

X 

H 

CM 

ca 

a 

a3.  S" 1  Tailed  exponential  intensity  according  to  Eq.(7);  iteration  calculation 
to  Eq . (11)- (13) . 


Unc  la  ssi f ied 


Sivunly  CliiHst fu'Hl  ion  - - 


DOCUMENT  CONTROL  DATA  -  k  &  D 

_  _ tSacmlty  c  laa  a  I 1 1  rot  i  on  ol  tula,  body  nl  otnitract  and  tndamng  annotation  mual  ha  antarad  whan  thr  nvarall  ropnrt  i  s  closaitirth — 


I.  ORIGIN  A  ]  I  Nil  AC  T  IV  IT  v  l  ,.rn  .fill,  onthori  12 a.  REPORT  SECURITY  CL  ASSIFICAT  ION 

University  of  Denver  ,,  ,  .  r. 

n  .  1  r  m  I  Unclassified 

Department  of  Physics 

Denver,  Colorado  80210 


1.  REPORT  TITLF 

STATISTICAL  BAND  MODEL  PARAMETERS  AND  INTEGRATED  INTENSITIES  FDR  THE  5.9u,  7.5u, 
AND  11.  Ju  BANDS  OF  llN03  VAPOR 


4.  DESCRIPTIVE  NOTtS  (  T of  rapor'  ttntl  tncluatva  data§) 

Scientific.  Inttrirn. 


5.  AUTHOH  M  *Fir*t  name,  mir/<//*»  mitU i  .  fflif 

Aharon  loldman 
Thomas  1.  Ryle 
Francis  G.  Bonomo 


«.  REPORT  OATE 

January  1970 


m.  contra  t  or  grant  no.  ARPA  ORDER  No.  363 
F19628-  8- C- 0233 

it.  projec  ■  t  Task,  Work  Unit  Nos. 

8662  -  n/2  -  n/2 

'•Dod  E  ement:  6250301D 


n  j  p  ,  .  .  /  rtfVMC  IU-VU71 

Dod  Subelement:  n/a  _ 


10.  OISTRIB  TION  STATFMFNT 

This  do<  ument  has  been  approved  for  public  release  and  sale; 
its  dis  ribution  is  unlit  ted. 


7a.  total  no.  of  paces 


9a.  ORIGINATOR'S  REPORT  NUMBERISl 

!  SCIENTIFIC  REPORT  NO.  7 


9b.  OTHER  REPORT  NO(S)  (toy  other  number*  that  may  b*  assigned 

Ilhl»  report) 

AFCRL-  70-0091 


II.  SUPPLE  'ENTARY  NOTES 

This  re  earch  was  supported  by  the 
Advance-  Research  Project.1  Agency 


12.  SPONSORING  MILITARY  ACTIVITY 

Air  Force  Cambridge  Research 
Laboratories  (CR0) 

L.  G.  Hanscom  Fieild 
Bedford.  Ma  ssacntif  etts  01730 


II.  ABSTR  VCT 


C  uantita  tive  absorption  measurements  of  the  5.9u,  7.5k.  and  the  11.3k  bands  of 
pure  HNC^  vapor  were  carried  out  at  40aC.  I  se  was  made  of  absorption  cells  of  various 
lengths  in  order  to  obtair  curves  of  growth.  The  statistical  spectral  band  modi  1  was 
applied  and  band  model  parameters  and  integrated  intensities  were  derived. 


DD  rJ473 


Unclassified _ 

Security  Classification 


14. 


_ l)nc _ 

Security  Clussil icalion 


KEY  WORDS 

Infrared  Spectra 
Statistical  Band  Model 

hno3 


